Glioblastomas are highly aggressive brain tumours and are characterised by substantial cellular heterogeneity within a single tumour. A sub-population of glioblastoma stem-like cells (GSCs) that shares properties with neural precursor cells has been described, exhibiting resistance to therapy and therefore being considered responsible for the high recurrence rate in glioblastoma. To elucidate the underlying cellular processes we investigated the role of phosphatases in the GSC phenotype, using an in vitro phosphatome-wide RNA interference screen. We identified a set of genes, the knockdown of which induces a significant decrease in the glioma stem cell marker CD133, indicating a role in the glioblastoma stem-like phenotype. Among these genes, the ecto-nucleotidase ENPP1 (ectonucleotide pyrophosphatase/phosphodiesterase 1) was found to be highly expressed in GSCs compared with normal brain and neural stem cells. Knockdown of ENPP1 in cultured GSCs resulted in an overall downregulation of stem cell-associated genes, induction of differentiation into astrocytic cell lineage, impairment of sphere formation, in addition to increased cell death, accumulation of cells in G1/G0 cell cycle phase and sensitisation to chemotherapeutic treatment. Genome-wide gene expression analysis and nucleoside and nucleotide profiling revealed that knockdown of ENPP1 affects purine and pyrimidine metabolism, suggesting a link between ENPP1 expression and a balanced nucleoside-nucleotide pool in GSCs. The phenotypic changes in E-NPP1-deficient GSCs are assumed to be a consequence of decreased transcriptional function of E2F1. Together, these results reveal that E-NPP1, by acting upstream of E2F1, is indispensable for the maintenance of GSCs in vitro and hence required to keep GSCs in an undifferentiated, proliferative state.
Glioblastoma, classified by the WHO (World Health Organization) as grade IV astrocytoma, 1 is the most common primary malignant brain tumour in adults. Despite progress in surgical resection, radiation and chemotherapy, glioblastoma remains a deadly disease with a median survival time of about 1 year. 2 One particular therapeutic challenge for glioblastoma treatment is posed by their remarkable intratumoural cellular heterogeneity. Several studies indicate the existence of a highly tumourigenic, sub-population of cancer cells with stemlike characteristics. [3] [4] [5] There is substantial evidence that these so-called cancer stem cells have inherent chemotherapy and radiation resistance. 6, 7 These findings suggest that cancer cells harbouring stem cell-like characteristics are responsible for ineffective therapy, explaining high recurrence rates despite significant reduction in tumour volume. Glioblastoma stem-like cells (GSCs) share properties with neural precursor cells, such as a capacity for self-renewal, differentiation and maintained proliferation, as well as stem cell marker expression. 4, 5, 8, 9 GSCs were originally defined by expression of CD133 (Prominin-1) and its extracellular AC133 epitope. 4 Although recent studies have shown that GSCs are not entirely restricted to the CD133-positive cell population, 10, 11 there is a large body of evidence linking enhanced CD133 expression to poor prognosis in glioblastoma. 12, 13 The role of CD133-positive GSCs in tumourigenicity is further strengthened by a recent report, demonstrating that CD133 has an essential role in the self-renewal and tumourigenic potential of GSCs. 14 In the past years, several studies have been conducted to investigate molecular mechanisms that regulate the maintenance of GSCs for a better understanding of tumour biology. A kinome-wide RNA interference (RNAi) screen reported several kinases that regulate the balance of GSC self-renewal and differentiation. 15 In particular, the adaptor protein TRRAP (transformation/transcription domainassociated protein) was shown to have an important role in maintaining a tumourigenic, stem cell-like state. These findings underline the importance of phosphorylation processes as a regulator of stem cell relevant pathways. In the study presented here, we investigated the role of phosphatases in the GSC phenotype. For this purpose, we 1 performed a phosphatome-wide RNAi screen targeting 177 human phosphatases with the read-out based on the CD133 stem cell marker level upon knockdown. Twelve phosphatases were identified, which positively regulate the CD133 level of GSCs in vitro, indicating that these genes are involved in the GSC phenotype. We functionally characterised ENPP1 that showed a cancer-specific expression, and showed that it is an important regulator of the glioblastoma stem-like phenotype.
Results
A phosphatome-wide RNAi screen identifies genes important for the glioblastoma stem-like phenotype. To identify phosphatases relevant for the glioblastoma stem-like phenotype we carried out a lentiviral-mediated lossof-function screen using the stem cell marker CD133 (Prominin-1) as read-out. GSCs were grown in 96-well plates in stem cell medium and transduced with a lentiviral shRNA library targeting 177 phosphatases (an average of 4.1 shRNAs per gene). GSCs transduced with lentiviral particles containing GFP were used as transduction efficiency control and only plates with an efficiency of at least 70% were considered. Six days after lentivirus-mediated knockdown, GSCs were analysed for their CD133 level by flow cytometry, staining the AC133 epitope (CD133/1). As positive control, we used TRRAP-shRNA, which was previously identified as a regulator of GSC differentiation. 15 GSCs transduced with TRRAP-shRNA (TRRAP-deficient cells) showed a decreased CD133/1 level compared with non-target shRNA (shNT) transduced GSCs (non-target control cells) expressed as median fluorescence intensity (MFI) above the isotype control (normalised MFI (nMFI)) (Figures 1a and b) . Efficient knockdown was confirmed by quantitative real-time PCR (qRT-PCR) (Supplementary Figure S1A) . Each plate harboured three wells with non-target control cells and two wells with TRRAP-deficient cells. To account for technical variability, data were normalised to the mean of negative (non-target control cells; CD133 level set to 1) and positive (TRRAP-deficient cells; CD133 level set to 0) controls of the respective plate. Untreated GSCs (Mock; one well per plate) served as further negative control, whereas GSCs treated with 10 mM all-trans retinoic acid (ATRA; two wells per plate), previously shown to induce differentiation of GSCs and thus to reduce the CD133 level, 16 was used as a second positive control. As depicted in Supplementary Figure S1B, negative and positive controls on the screening plates (n ¼ 20) exhibit only minimal variability of CD133/1 level, underlining the high quality of the screen. Genes were considered potential hits if the CD133 levels were significantly decreased (false discovery rate (FDR)o0.05) compared with non-target control cells (Figure 1c ). This led to the identification of 12 phosphatases potentially involved in the stem-like phenotype of GSCs (Figures 1c and d) . Six of the twelve candidate genes (PPEF1, ENPP1, PTPN9, PPP4C, PPP2R2A and DUSP5) were found to be highly expressed in astrocytic gliomas compared with adult normal brain and/or to be essential for stem cell maintenance (Supplementary Figure S2A) 17-22 and hence selected for validation studies. Decreased CD133 level 6 days posttransduction was confirmed in NCH421k (GSCs used in the primary screen) and in additional GSCs (NCH441, NCH644) in two independent experiments using the two shRNAs that showed the strongest CD133 reduction in the primary screen (Figure 1e; Supplementary Figure S2B ). Efficient downregulation of the target gene expression was verified by qRT-PCR (Supplementary Figure S2C) .
Elevated expression of ENPP1 in GSCs compared with normal brain. From the genes potentially involved in the stem-like phenotype of GSCs, we selected ENPP1 (ectonucleotide pyrophosphatase/phosphodiesterase 1) for further studies as it was shown to be strongly expressed in grade IV glioblastoma tumours compared with low-grade astrocytic tumours and normal adult brain (Aerts et al.
17
Supplementary Figure S2A) . To ascertain the expression of ENPP1 within the GSC population, we performed qRT-PCR analysis in 12 patient-derived GSCs, including 5 short-term cultured GSCs (p6 passages) and 1 adult human normal brain sample. As depicted in Figure 2a , GSCs showed an elevated ENPP1 mRNA expression when compared with adult normal brain extract. This result was confirmed at protein level in three GSC lines (NCH421k, NCH441 and NCH644) (Figure 2b) . Notably, PTPN9, PPP4C and PPP2R2A were also found to be higher-expressed in GSCs compared with adult normal brain extract (Supplementary Figure S2D) . Publicly available microarray data of ENPP1 mRNA expression in adherent GSCs compared with fetal neural stem cells (fNSCs) 23 further confirmed tumour specific expression (P ¼ 0.03; Figure 2c ).
ENPP1 knockdown induces differentiation of GSCs. To assess the functional role of E-NPP1 in GSCs, NCH421k and NCH441 cells were transduced with shNT, as well as two independent shRNAs targeting ENPP1 (ENPP1-shRNA1 and ENPP1-shRNA3), and efficient protein knockdown was confirmed by western blot analyses (Figure 3a , Supplementary Figure S3A ). To verify our screening results, two independent CD133 epitopes, AC133 (CD133/1) and AC141 (CD133/2), were immunostained 4 days posttransduction in NCH421k cells. A significant decrease in the nMFI of CD133 was observed (Supplementary Figures  S3B and C) . E-NPP1-deficient GSCs are additionally characterised by increased expression of the astrocytic differentiation markers GFAP (glial fibrillary acidic protein) and S100 beta (Figures 3a and b ; Supplementary Figure  S3A ). To further confirm the functional role of E-NPP1 in the maintenance of a stem-like phenotype in GSCs, additional progenitor/stem cell markers were studied (CD15, LHX2, MSI1 and LGR5). Strikingly, E-NPP1-deficient GSCs showed a significant decrease in the nMFI of CD15 compared with non-target control cells (Figures 3c and d) as determined by flow cytometry. Furthermore, E-NPP1-deficient GSCs showed a reduced expression of LHX2, MSI1 and LGR5 compared with non-target control cells as assessed by qRT-PCR (Figure 3e; Supplementary Figure S3E ). In summary, these data suggest a wide-ranging downregulation of stem cell-associated genes upon ENPP1 knockdown. To examine this in greater detail, gene expression microarray-based transcriptome analysis was conducted on NCH421k cells transduced with shNT and ENPP1-shRNA1 4 days post-transduction and significance analysis of microarray (SAM) revealed 2104 differentially regulated genes (FDRo0.05). Using gene set enrichment analysis (GSEA), we tested an enrichment of the CD133-up signature 24 and the consensus stemness ranking-up (CSR-up) signature 25 with their autologous CD133 À counterparts, whereas the CSR-up signature contains genes (n ¼ 70) upregulated in a broader array of stem cell populations reflecting a common stem cell signature. GSEA demonstrates a significant enrichment of both stem cell-associated gene sets in the most downregulated genes upon knockdown (FDR q-valueo0.001; 57 genes out of 76 CD133-up associated genes; 56 genes out of 70 CSR-up signature genes; Figure 3f ; Supplementary Table S1 ). These data allow the conclusion of an overall downregulation of stem cellassociated genes upon ENPP1 knockdown and strengthen the conclusion that E-NPP1 has an important role in the maintenance of a stem-like phenotype in GSCs.
ENPP1 knockdown reduces proliferation, induces cell death, affects cell cycle progression and increases chemosensitivity. ENPP1 is a member of the ectonucleotide pyrophosphatase/phosphodiesterase (E-NPP) family. It encodes a plasma membrane-bound enzyme cleaving pyrophosphate and phosphodiester bonds of a variety of substrates, including nucleotides (for example, ATP). Hence, E-NPP1 is implicated in a wide range of processes including nucleotide recycling, purinergic receptor signalling and ATP-mediated apoptosis. 26 To further elucidate the functional consequence of ENPP1 knockdown in GSCs, we tested the 2104 differentially regulated genes for enrichment in KEGG pathways using GSEA. Lists of the top enriched KEGG pathways (FDR q-valueo0.05) and of enriched genes are shown in Supplementary Table S2 . Notably, knockdown of ENPP1 affects genes involved in purine and pyrimidine metabolism, which represent pathways with a pivotal role in cell proliferation by providing the building blocks for DNA and RNA synthesis. To confirm the effect of ENPP1 knockdown on purine and pyrimidine metabolism, their level was investigated by high-performance liquid chromatography (HPLC) with ultraviolet detection 2 days post-transduction. As depicted in Figure 4 , knockdown of ENPP1 resulted in a global reduction of nucleosides and nucleotides. Furthermore, E-NPP1-deficient GSCs are characterised by downregulation of genes involved in DNA replication as well as cell cycle (Supplementary Table S2 ). As differentiation processes and cell cycle progression have been shown to be temporally coupled events, 27 we further investigated the potential impact of E-NPP1 on cell growth of GSCs. Microscopic images 4 days post-transduction showed that non-target transduced GSCs efficiently formed neurospheres with regular rim and well-defined spherical shape. In contrast, knockdown of ENPP1 led to impaired neurosphere formation, with smaller spheres appearing as cell clusters with uneven rims ( 
24
) and the CSR-up signature (n ¼ 70; Shats et al. 25 ). The graph on the bottom represents the significantly differential expressed genes between NCH421k cells transduced with shNT and ENPP1-shRNA1 (n ¼ 2104) in a rank order based on their mean linear fold change. Genes showing an upregulation after ENPP1 knockdown are colour-coded in red and genes showing a downregulation are colour-coded in blue. The green curve corresponds to the running sum of ES that reflects the degree to which the stem cell-associated signatures (represented by the vertical lines) are overrepresented at the top or bottom of the ranked list. The NES and FDR q-value are also shown E-NPP1 maintains glioblastoma stem-like phenotype J Bageritz et al As differentiation of GSCs was shown to increase apoptotic response to chemotherapeutic agents, 15, 16 we tested whether knockdown of ENPP1 sensitised the cells to the cytotoxic substance 1,3-Bis (2-chloroethyl)-1-nitrosourea (BCNU). For this purpose, non-target control cells and E-NPP1-deficient GSCs were exposed to BCNU (50 and 75 mM) for 72 h. As depicted in Figure 5e and Supplementary Figure S4C , ENPP1 knockdown alone resulted in a significant increase in caspase-3/7 activity. Moreover, the combination of ENPP1 knockdown and BCNU treatment significantly increased apoptosis rate. Overall, these observations corroborate a role for E-NPP1 as an upstream regulator of cellular factors involved in controlling cell cycle progression and survival of GSCs.
Expression of E2F1 and its target genes is reduced in E-NPP1-deficient GSCs. To identify potential transcription factors (TFs) responsible for the observed phenotypic effects in E-NPP1-deficient GSCs, an in silico promoter analysis based on the conducted expression profiling was performed. Genes significantly deregulated by more than 2.5-fold were considered for the analysis. Using the notion of the total binding affinity (TBA) of a promoter for a TF, 28 the set of genes downregulated upon ENPP1 knockdown was found to have the highest overall binding affinity for E2F1 (FDR 3.0e-04; Supplementary Table S3), whereas no significant TF was found for the upregulated genes. To further demonstrate the role of E2F1 in the observed phenotypic effects in E-NPP1-deficient GSCs, we tested the 2104 differentially regulated genes for enrichment in experimentally validated direct E2F1 transcriptional target genes extracted from the MetaCore database (https://portal.genego.com/). Strikingly, GSEA revealed a significant enrichment of E2F1 transcriptional target genes in the most downregulated genes upon knockdown (FDR q-valueo0.001; Figure 6a ; Supplementary Table  S1 ). Validation of the microarray data was achieved by qRT-PCR analysis of TK1, CDC6, PCNA and HEY1, classical E2F1 target genes facilitating G1/S phase cell cycle transition, on GSCs 4 days post-transduction using two independent shRNAs in two patient-derived GSC lines the downregulated E2F1 target genes obtained by the gene set enrichment analyses showed that 19 out of 91 stem cellassociated genes are indeed direct E2F1 target genes (P ¼ 4.573E-12, Fisher's Exact test; Figure 6c ). In line with the proposed role of E2F1 for the observed phenotypic changes, knockdown of ENPP1 in GSCs lead to downregulation of E2F1 protein expression itself analysed 4 days post-transduction (Figure 6d ). These observations suggest that E2F1 contributes to the GSC phenotype by regulating stem cell marker gene expression.
Discussion
One formidable challenge in improving glioblastoma therapy is its substantial cellular heterogeneity. The discovery of a rare and highly aggressive sub-population of tumour cells with stem-like features led to insights into the underlying tumour biology. Several reports implicate GSCs in therapy resistance and showed that efficacy of therapy can be improved, if stem-like cells are targeted additionally. 15, 16, 29 These findings emphasise the need to improve understanding of the biological behaviours of GSCs and their underlying regulatory mechanisms. In that respect, a previous study identified kinases and phosphatases relevant for the survival of GSCs and thereby potential therapeutical targets for glioblastoma. 30 Moreover, a kinome-wide RNAi screen in GSCs points to a pivotal role of phosphorylation processes as a regulatory mechanism of GSC self-renewal. 15 In this study, we investigated the role of phosphatases in the maintenance of a stemlike phenotype in GSCs. Even though there is evidence for the existence of a tumourigenic CD133-negative GSC population, the stem cell-related marker CD133 has proven to be useful to isolate and further characterise tumourigenic GSCs. 4, 10, 14, 24 Analysis of the extracellular CD133 epitope AC133 led to the identification of 12 phosphatases (B7% hit rate) that significantly decreased CD133 level upon knockdown, and hence genes potentially required for the GSC phenotype. Among the candidate genes PPEF1, PTPN7, PPP4C and PPP2R5E were previously shown to be important regulators of CD133 level emphasising the validity of our screen. 31 Moreover, several genes are reported to be relevant for stem cells, such as PPP4C identified in a previous RNAi screen for stem cell self-renewal factors, 21 DUSP5 described as an antidifferentiation regulator in embryonic stem cells 19 and PPEF1 identified as a marker for CD133 þ GSCs. 7 The selected candidate genes were validated in a secondary screen in three patient-derived GSC lines, but at variable level, which is most likely because of the molecular heterogeneity of tumour-derived patient samples. Among the genes involved in cell surface AC133 expression, we selected ENPP1 for further functional studies as it was shown to be overexpressed in human astrocytic brain tumours compared with control tissues and its expression strongly correlates with the glioma WHO grade. 17 This membrane-bound enzyme has broad substrate specificity cleaving phosphodiester, pyrophosphate and phosphosulphate bonds of nucleotides and nucleotide derivatives. 26, 32 Originally, E-NPP1 was discovered on the surface of mouse B-lymphocytes 33 and is expressed in a large variety of human tissues including brain. 26 Here we describe an elevated ENPP1 expression in GSCs compared with normal brain extracts and fNSCs. E-NPP1-deficient GSCs are characterised by downregulation of known stem cell markers, such as CD133, LHX2, MSI1, LGR5 and CD15, 4, 8, 9, 34, 35 as well as an overall downregulation of stem cell-associated genes as seen by comparison with published stem cell gene signatures. 24, 25 Moreover, GFAP and S100 beta, differentiation marker delineating the astrocytic cell lineage, are upregulated upon knockdown of ENPP1 in cultured GSCs. Hence, the change in expression of the studied markers upon ENPP1 knockdown suggests a switch towards a differentiated phenotype. Accordingly, E-NPP1-deficient GSCs showed an increased apoptotic susceptibility to the chemotherapeutic agent BCNU. A number of studies in stem cells have pointed to a crucial relationship between cell cycle progression and cell fate (self-renewal versus differentiation). [36] [37] [38] Neural stem and progenitor cells are in particular characterised by a short G1 cell cycle phase and growing evidence suggests a crucial role for lengthening of G1 phase in differentiation. 27 In line with this hypothesis, a number of experiments in GSCs describe co-occurrence of induced differentiation and reduced proliferation, 16, 34, 39 in particular by the accumulation of cells in G1/G0 cell cycle phase. 15, 40 In agreement with these findings, ENPP1 knockdown in GSCs was found to cause a reduction in the proliferation rate and cells were found to accumulate in G1/G0 cell cycle phase. To unravel the underlying cause of the observed phenotypes, an in silico promoter analysis of the deregulated genes upon ENPP1 knockdown was conducted. Investigation of the downregulated genes revealed the highest overall binding affinity for E2F1, a TF controlling G1 to S phase progression. No significant TF was found for the upregulated genes, most likely because upregulation of those genes represents an indirect effect of ENPP1 knockdown. In line with the promoter analysis, E2F1 expression and its target genes were found to be downregulated upon ENPP1 knockdown. Although a stem cell relevant role of E2F1 was so far not investigated in GSCs, E2F1 was shown to be of particular importance in the maintenance of neural stem cells 41 and human pluripotent stem cells 42 as well as in a transcriptional regulatory network governing the maintenance of embryonic stem cells. 43 Given the central role of E2F1 in the regulation of cell cycle progression, it is reasonable to assume that the observed reduced proliferation and accumulation of cells in G1 cell cycle phase in E-NPP1-deficient GSCs is mediated by a decreased transcriptional function of E2F1.
Moreover, promoter analysis of the downregulated stem cell-associated genes in E-NPP1-deficient GSCs suggests that E2F1 has an important role in the GSC phenotype. In line with this finding, about 20% of the downregulated stem cellassociated genes are downregulated E2F1 target genes. Other TFs apart from E2F1 could not be linked to the expression of stem cell-associated genes. This might be due to more downstream effects of the knockdown. Our data suggest that E2F1 is a major mediator in maintaining GSC phenotype. More importantly, apart from promoting cell cycle progression, E-NPP1 influences expression of stem cellassociated genes by acting upstream of E2F1 transcriptional function.
E-NPP1 is -among other functions -involved in nucleotide recycling, a process particularly important in the central nervous system as de novo synthesis is mainly achieved in the liver. 44 In line with this, our conducted expression profiling revealed a great deregulation of genes involved in purine and pyrimidine metabolism and nucleoside-nucleotide profiling demonstrated an altered nucleotide-nucleoside composition in E-NPP1-deficient GSCs. A balanced nucleotide pool was shown to be crucial for DNA replication. 45 In addition, extracellular nucleosides and nucleotides influence proliferation, differentiation and apoptosis. 46, 47 Recently, the important role of extracellular ecto-nucleotidase to balance a pool of brain nucleotides and nucleosides was brought into focus. 44 Moreover, alterations in ecto-nucleotidase enzymes was linked with malignancy of solid tumours. 48 In particular, alterations in activity and expression of ecto-nucleotidase were suggested to be involved in glioma progression. 49 Notably, a surface-located nucleotide pyrophosphatase (most likely E-NPP1) had been identified as the major enzyme responsible for the metabolism of extracellular ATP in glioma. 50 As suggested by Aerts and colleagues, highly proliferating cells require an excess of purine and pyrimidine nucleotides, hence the overexpression of ENPP1 in glioblastoma tumours is likely due to its function in nucleotide recycling. 17 Our expression data strongly support this hypothesis and further links it to stem cells in glioblastoma.
We therefore hypothesise that an altered nucleotide pool in E-NPP1-deficient GSCs leads to the decreased transcriptional function of E2F1 and thereby to reduced proliferation by the accumulation of cells in G1 phase and interrelated differentiation. This imbalance in nucleotide pools might ultimately lead to apoptosis as observed previously. 51 In conclusion, our data suggest that expression of ENPP1 is indispensable for the maintenance of GSCs in vitro and thus required to keep GSCs in an undifferentiated, proliferative state.
Material and Methods
Cell culture conditions and patient characteristics. The investigated GSC lines (NCH421K, NCH441 and NCH644) were established from primary glioblastoma patients undergoing surgical resection according to the research proposals approved by the Institutional Review Board at the Medical Faculty Heidelberg. Tissues were enzymatically dissociated and derived cells were cultured as floating neurospheres in serum-free DMEM/F-12 medium supplemented with 20% BIT-admixture 100 (Pelobiotech, Planegg, Germany), basic fibroblast growth factor (Biomol, Hamburg, Germany) and epidermal growth factor (Life Technology, Carlsbad, CA, USA) at 20 ng/ml each. Phenotypic and genotypic characterisations of the GSC lines were carried out in previous studies. 16, 52 Patient characteristics of all samples used for RNA expression analysis are summarised in Supplementary Table S5 . For passaging and plating, NCH421k and NCH441 cells were dissociated using accutase (Sigma-Aldrich, St. Louis, MO, USA) and NCH644 cells by the use of a trypsin-EDTA solution (Life Technologies, Darmstadt, Germany). Unless otherwise stated, accutase was used to dissociate GSCs before staining and flow cytometry analysis. To test the effect of BCNU (Sigma-Aldrich) a final concentration of 50 and 75 mM BCNU dissolved in DMSO, respectively, was added to the culture 1 day post-transduction for 72 h. As solvent control, DMSO was used in the same volume as 75 mM BCNU at a maximum concentration of 0.03%.
Small-and large-scale lentivirus production. The shRNA library was obtained from Sigma-Aldrich targeting 177 human phosphatases with an average of 4.1 shRNAs per gene. The lentivirus particles were produced in a 96-well format (small scale) or 6-cm petri dishes (large scale) according to the TRC (The RNAi Consortium) protocol (http://www.broadinstitute.org/rnai/public/resources/protocols). In brief, HEK293T cells were cotransfected with the plko.1 constructs and the packaging plasmids (pMD2.G, psPAX2) using Trans-IT transfection reagent (Mirus, Madison, WI, USA). Viral containing medium was collected 48 and 72 h post-transfection. For the large-scale lentivirus production viral particles were concentrated by ultra-centrifugation of the HEK293T supernatant. The titer was determined by FACS using plko.1-TurboGFP control plasmid and ranged from 2 Â 10 5 to 5 Â 10 5 viral particles per ml. shNT was used as negative control. ENPP1-shRNA1 ((sh1): TGAGGGACGATCTTTGAATAT) and ENPP1-shRNA3 ((sh3): CTGCGAAAGTATGCTGAAGAA)) were used for the functional studies.
CD133 antibody screen. The CD133 antibody screen was performed in non-treated 96-well plates seeding 17 000 dissociated NCH421k cells per well in a final volume of 200 ml. To minimise potential edge effects in the phenotypic assay, the outermost wells of the culture plates were filled with media only. Each plate harboured three wells with negative control (shNT), two wells with positive control (shRNA against TRRAP: GCTACGATTCTGGTGGAATAT), one well with untreated NCH421k cells (Mock) and three wells with 10 mM ATRA-treated GSCs. Neurospheres were transduced with an MOI of 5, leading to transduction efficiencies between 70 and 90%. 24 h after transduction fresh stem cell medium was added. Using a flow cytometer (FACSArray BD Biosciences, San Jose, CA, USA) CD133 levels were measured 6 days post-transduction by staining GSCs for CD133/1 using a R-Phycoerythrin (PE) conjugated antibody (clone AC133, 1.7 mg/ml; Miltenyi Biotec, Bergisch-Gladbach, Germany). A trypsin-EDTA solution (Life Technologies) was used to singularise neurospheres before the antibody staining. The MFI of live cells (using forward scatter (FSC) and side scatter (SSC)) was analysed. To account for technical variability the MFI of each sample was normalised to the mean MFI of negative (shNT) and positive controls (shTRRAP) of the corresponding plate (set to 1 and 0, respectively). A modified permutation based t-statistic was used to identify genes with a significant change in CD133 level ( 53 R package: siggenes). We performed a two class analysis between individual shRNA treatments (n ¼ 2-5 per gene) and negative controls of the same plate (mean MFI per well if corresponding controls were distributed over two 96-well plates). Complete permutations (n ¼ 56) were performed to estimate the null distribution. A FDR threshold of o0.05 was used to identify significantly changed genes.
Immunostaining. CD15, CD133 and S100 beta staining was performed on dissociated GSCs 3 and 4 days post-transduction, respectively, using CD15-FITC (clone VIMC6, 3.85 mg/ml), CD133/1-PE (clone AC133, 1.5 mg/ml), CD133/2-PE (clone AC141, 7 mg/ml, all Miltenyi) and S100 beta (clone SH-B1, 0.5 mg/ml, Abcam, Cambridge, UK) antibodies. Isotype control for CD15 and S100 beta was used at the same concentration, CD133 isotype control was used according to the manufacturer's instructions. The S100 beta primary antibody was unconjugated and detected by FITC-conjugated anti-mouse secondary antibody (Dianova GmbH, Hamburg, Germany), which was used at a concentration of 1 : 200. For the immunostaining of extracellular surface markers (CD15 and CD133) the MFI of live cells (using FSC and SSC) was analysed. Before immunostaining of S100 beta fixation and permeabilisation was performed using BD Cytofix/Cytoperm kit (BD Biosciences, San Jose, CA, USA). The gate of the live cell measurement was applied and the MFI of those cells determined. Results are expressed as nMFI (nMFI ¼ MFI (antigen-stained sample)/MFI (isotype control)). Cells were subjected to flow cytometry analysis using a FACSCanto II equipped with the FACSDiva software (BD Biosciences, San Jose, CA, USA). FlowJo software was used to overlay histograms, which were normalised to the maximum count (% of Maximum).
Nucleoside-nucleotide profiling. NCH421k cells were transduced with shNT and ENPP1-shRNA1 and nucleosides and nucleotides were extracted 2 days post-transduction following the protocol of NovoCIB (Lyon, France). In brief, cells were collected and washed with ice-cold PBS. The PBS was removed and pure ice-cold acetonitril added to the cell pellet. After extensive vortexing, the samples were incubated for 10 min on ice. The extracts were centrifuged (3000 r.p.m., 10 min, 4 1C) and the supernatant was recovered. Cold 80% acetonitrile in water (v/v) was added to the pellet and again extensively vortexed, followed by 10 min incubation at room temperature. After centrifugation (1000 r.p.m., 5 min, 4 1C) the supernatant was also transferred into the recovery tube and stored at À 20 1C. Nucleoside-nucleotide profiling based on HPLC and ultraviolet detection at 254 nm was performed at NovoCIB. Data were normalised to the number of viable cells of non-target control cells as determined by trypan blue dye exclusion assay of technical replicates using Vi-CELL counter (Beckman Coulter, Fullerton, CA, USA).
Cell death. The extent of cell death was studied 3 days post-transduction and detected by flow cytometry using 7-amino-actinomycin (7-AAD) and annexin V staining. Dissociated GSCs were incubated in annexin V-binding buffer containing 10% 7-AAD and 10% annexin V-PE (BD Biosciences, Heidelberg, Germany) for 15 min at 4 1C in the dark. Immediate flow cytometry analysis was carried out using a FACSCanto II and data were analysed with FACSDiva software (BD Biosciences, San Jose, CA, USA). Annexin V-positive cells including annexin V single-positive cells (early apoptosis) and annexin V/7-AAD double-positive cells (late apoptosis and/or necrosis) were counted as dead cells.
Proliferation. Proliferation was analysed using the Click-it EdU cell proliferation assay (Life Technology) according to the manufacturer's protocol. Briefly, 10 mM EdU was added to the culture medium 48 h post-transduction. Incorporated EdU was detected after 24 h of incubation by conjugation of Alexa Fluor 488 and subsequent flow cytometry on FACSCanto II (BD Biosciences, San Jose, CA, USA). Data were analysed using FACSDiva software (BD Biosciences, San Jose, CA, USA).
Apoptosis. For detection of apoptosis after BCNU treatment of non-target control cells and E-NPP1-deficient GSCs the activity of caspase-3/7 was analysed. To this end, GSCs were plated in technical triplicates at 8.5 Â 10 3 per well in a final volume of 100 ml in white-walled uncoated 96-well plates (Greiner Bio-One, Kremsmünster, Austria) and transduced as described above. A set of wells was prepared with stem cell medium only for background subtraction. Following 24 h incubation, BCNU was added to the culture medium and additionally incubated for 72 h before apoptosis was assessed using luminescent caspase-3/7 activation assay according to the manufacturer's protocol (Caspase-Glo 3/7 assay, Promega, Mannheim, Germany). In brief, an equal volume of the Caspase-Glo reagent was added to each well and the enzymatic activity of caspase-3/7 was measured using a Mithras LB 940 Microplate Reader (Berthold Technologies, Bad Wildbad, Germany).
Cell cycle. Cell cycle analysis was carried out 3 days post-transduction by propidium iodide staining as described previously. 54 The cell cycle distribution was investigated on living cells by gating cells having X2 N DNA content. Flow cytometry analysis was carried out using a FACSCanto II and data analysis with FACSDiva software (BD Biosciences, San Jose, CA, USA).
Western blot analysis. Cell lysates were separated in 4-12% polyacrylamide precast gels (Novex, San Diego, CA, USA) under reducing conditions and transferred onto a PVDF membrane. Total adult normal brain protein was used as control (BioChain Institute Inc., Hayward, CA, USA). Primary antibodies a-tubulin (clone DM 1A; Sigma-Aldrich), E-NPP1 (Cell signalling, Danvers, MA, USA), GFAP (clone GA5; Chemicon International, Temecula, CA, USA) and E2F1 (clone KH95; Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used at a concentration of 1 : 2000, 1 : 1000, 1 : 1000 and 1 : 200, respectively. Horseradish peroxidase-conjugated secondary antibodies (Abcam) were used at a concentration of 1 : 5000 (mouse) and 1 : 10 000 (rabbit). Immunoreactive bands were detected with Pierce Fast Western Blot Kit, ECL Substrate (Thermo Scientific, Langenselbold, Germany) or SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific). adult donors was purchased (BioChain Institute Inc.) and used as control. 1 mg of total RNA was reverse-transcribed with Superscript II (Life Technology) according to the manufacturer's protocol. To avoid DNA contamination, RNA was pre-treated with DNaseI (Life Technology). Each complementary DNA sample was analysed in technical triplicate with the ABI PRISM 7900HT thermal cycler (Applied Biosystems, Foster City, CA, USA) using Absolute SYBR Green ROX Mix (ABgene, Epsom, UK). For relative quantification mean ratios were calculated between the gene of interest and two housekeeping genes (DCTN2 and SDHA) based on the standard curves generated by serial dilution of cDNA sample from either commercial human total RNA (Stratagene, La Jolla, CA, USA) or NCH421k RNA. For visualisation and statistical testing of the knockdown results the expression levels of the experiments were normalised to the mean expression values of individual experiments. Then, all adjusted values were normalised to the mean non-target control expression level. Oligonucleotide sequences are available in Supplementary Table S6 .
Microarray analysis. NCH421k cells were transduced in three independent experiments with shNT and ENPP1-shRNA1 and RNA was extracted 4 days posttransduction. Gene expression profiling was performed using the 4 Â 44K Whole Human Genome Oligo Microarray (Agilent Technologies, Wilmington, DE, USA) according to the manufacturer's recommendations (Publication Number: G4140-90050 v.5.7, Agilent Technologies) including dye-swap on each sample to avoid dye-specific biases. Microarray slides were scanned on an Agilent Microarray Scanner G25505B (Agilent Technologies), and data were extracted with Agilent Feature Extraction software version 9.1 (Agilent Technologies). Processing of raw data including normalisation of the arrays and quality control were performed with our in-house developed ChipYard framework for microarray data analysis (http:// www.dkfz.de/genetics/ChipYard/) using R statistical software and Bioconductor. 55 Detailed information about the preprocessing procedure of the raw data is available upon request. SAMs 53 as implemented in MeV v4.8.1 (Saeed et al.
56
) was applied to determine statistical significance of differential gene expression and FDR from three independent experiments. The delta value in SAM was adjusted to obtain a maximum number of significant genes (q-valueo0.05) while maintaining a FDRo0.05.
Expression profiles of adherent GSCs derived from classic glioblastoma patients (G144 and G144ED (51-year-old male), G166 (74-year-old female) and GliNS2 (54-year-old male)) and of fNSCs (hf240, hf286 and hf289) were generated on GeneChip Human Genome U133 Plus 2.0 Array (Affymetrix; 23 GSE15209). Data analysis and visualisation were conducted by the use of the open access database R2 (http://r2.amc.nl). Expression data was MAS5.0 normalised before analysis.
To compare gene expression of the selected candidate phosphatases (PPEF1, ENPP1, PTPN9, PPP4C, PPP2R2A and DUSP5) in primary glioblastoma samples and adult normal brain samples, a publicly available glioma expression data set (GSE18166, Toedt et al. 22 ) was used. Preprocessed mRNA expression data of a subset of 40 IDH1 wild-type primary glioblastoma samples were normalised to the mean expression values of four adult normal brain samples.
Gene set enrichment analysis. GSEA utilising the pre-ranked tool was performed at http://www.broadinstitute.org/gsea/ 57 using default settings. Significant differentially expressed genes between shNT and ENPP1-shRNA1 transduced samples were pre-ranked based on mean fold change and analysed for the enrichment of the following gene sets: CD133-up signature, 24 CSR-up signature, 25 direct E2F1 targets (MetaCore database, https://portal.genego.com/) and KEGG pathways (gene set c2.cp.kegg, version v3.1) as compiled in the Molecular Signatures Database. 57 The gene symbols of the signature genes were updated and annotated for HUGO symbols; duplicates were removed. Genes of the signatures were matched with the normalised, processed genes on the 4 Â 44K Whole Human Genome Oligo Microarray. Finally, 76 genes (CD133-up signature), 70 genes (CSR-up signature) and 160 genes (direct E2F1 targets) were retained. A gene list of the signature genes are listed in Supplementary Table S1 . The GSEA method measures the enrichment of gene sets (for example, stem cell-associated signature gene sets) near the top or bottom of an ordered gene list. Quantification is achieved using a running-sum statistic and called the enrichment score (ES). The normalised ES (NES) accounts for differences in gene set size. The FDR q-value (the probability that a gene set with a given normalised enrichment score represents a false-positive finding) was used to set a significant threshold.
Computational prediction of TFs for genes deregulated by knockdown of ENPP1. To identify potential TFs important for the phenotypic effects of ENPP1 knockdown, a search for high TF affinity in the set of 377 highly downregulated genes (fold change o À 2.5) was performed. To further evaluate TF with a particular influence on stem cell marker expression, analysis of TF affinity to the 57 'core enrichment genes' (defined as those genes that account for the enrichment signal, Supplementary Table S1) of the CD133-up signature as well as CSR-up signature was conducted. For each of 130 nonredundant vertebrate TF matrices from the JASPAR core database, 58 all genes were ranked according to their TBA 28 of their promoter (defined as À 1500 bp to þ 500 bp of the transcription start site), using the procedure described previously. 59 The rank product 60 of the set of 377 downregulated genes, as well as of the 'core enrichment genes', was taken as a score for the overall set-binding affinity of the given TF (where lower rank products indicate higher overall set-binding affinities). Finally, the 130 set-binding affinities were compared with those obtained for 10 000 random gene sets of the same size to compute FDRs and identify a list of TFs for which the set-binding affinity is significantly better than expected by chance (FDRo0.05).
Statistical analysis. Statistical analyses were performed with SigmaPlot, version 12.3 for Windows and Excel software.
Unpaired t-test was used to evaluate the significance of the differences between the relative mRNA expression values of non-target control GSCs and E-NPP1-deficient GSCs. Paired t-test was performed to determine significance of immunostaining, cell death, proliferation, cell cycle and apoptosis results comparing non-target control transduced cells and ENPP1-shRNA transduced cells. Unless otherwise specified, mean values with a S.D. of three independent experiments are presented. A Po0.05 was considered to represent significance (*) and Po0.01 was considered to be highly significant (**).
